Abstract We have studied the role of histidine 95 (H95) on the pH gating of the cardiac gap junction protein connexin43 (Cx43). Wild through 6 for reviews on the subject). Recently, Spray and Burt2 proposed that acidification-induced uncoupling may result from the protonation of titratable histidine residues present in the cytoplasmic loop (CL) of the cardiac gap junction protein connexin43 (Cx43). Accordingly, the presence of positive charges at positions 95, 126, and/or 142 of Cx43 (positions at which histidine residues reside) should lead to channel closure, whereas the absence of positive charges in those positions may prevent acidification-induced uncoupling. This hypothesis was based on the fact that the imidazole ring of the histidine residue is the only amino acid side chain whose apparent dissociation constant from protons (pKa) falls within the physiological range,7 and it assumes that pH gating would result, at least in part, from a direct effect of the intracellular protons on the conformation of the connexin protein. A role of histidine residues on pH-mediated regulation of protein Received August 9, 1993; accepted February 24, 1994 reduced susceptibility to acidification-induced uncoupling, whereas lysine (a basic residue) was more susceptible to uncoupling than the wild-type protein. The susceptibility to acidification-induced uncoupling was enhanced for the H95Q-A94H mutant when compared with the wild-type mutant, but it was significantly reduced when histidine was placed at position 93 (H95Q-L93H). Our data indicate that a properly placed histidine residue is an important structural element for functional expression as well as for pH regulation of Cx43. The results suggest that the importance of H95 on pH gating may be associated with a possible protonation of this residue on acidification of the intracellular environment. The data are compatible with a recently proposed mechanism modeled after the "ball-and-chain" hypothesis explaining pH gating of Cx43. (Circ Res. 1994;74:1058-1064 Key Words * connexin43 * cardiac gap junctions K pHi * histidine * site-directed mutagenesis function has also been suggested for other membrane proteins (eg, References 8 through 12). More recently, Liu et al13 studied the pH sensitivity of Cx43 when expressed in Xenopus laevis oocytes and demonstrated that deletion of the last 125 amino acids from the carboxyl terminal of Cx43 causes a significant loss in pH, sensitivity, displacing pKa (measured as the value of pHi that causes 50% decrease from maximal junctional conductance [Gj]) from 6.6 in Cx43 channels to 6.1 in the mutant lacking the carboxyl tail. These results demonstrated that the carboxyl end is a necessary domain for normal pH gating of Cx43, whereas residues in the CL cannot by themselves modulate acidification-induced uncoupling. These observations, however, did not imply that the carboxyl end is the only region of the protein involved in pH gating. In fact, it is possible that the carboxyl terminal works in concert with other regions of the protein to bring about acidification-induced closure of the gap junctional channel.
Role of Histidine 95 on pH Gating of the Cardiac Gap Junction Protein Connexin43
Jose F. Ek, Mario Delmar, Raisa Perzova, Steven M. Taffet Abstract We have studied the role of histidine 95 (H95) on the pH gating of the cardiac gap junction protein connexin43 (Cx43). Wild-type and mutant rat cardiac Cx43 channels were expressed in antisense-injected Xenopus oocytes. Junctional conductance was measured using the dual voltage-clamp technique, and intracellular acidification was induced by superfusion with a sodium acetate-containing solution balanced at a pH of 6.2. H95 was substituted by other amino acids by use of oligonucleotide-directed site-specific mutagenesis. Replacing H95 for the hydrophobic residues methionine or phenylalanine, for the charged basic residue arginine, or for the noncharged residue glutamine (H95Q) yielded nonfunctional channels. Functional expression of H95Q was rescued by placing a histidine residue in position 93 (H95Q-L93H), 94 (H95Q-A94H), or 97 (H95Q-F97H) but not in position 96 . Further experiments showed that replacing H95 with either aspartate (an acidic residue) or tyrosine (a polar uncharged residue) led to the expression of functional channels with a F unctional gap junctional channels are essential for the successful propagation of electrical activity in cardiac tissues. Since 1977,1 it has been known that acidification of the intracellular space leads to a loss of intercellular communication; however, the molecular bases responsible for this phenomenon are not well understood. Regulation of cardiac gap junctional channel permeability by pHi has been a subject of investigation for several years (eg, see References 2 through 6 for reviews on the subject). Recently, Spray and Burt2 proposed that acidification-induced uncoupling may result from the protonation of titratable histidine residues present in the cytoplasmic loop (CL) of the cardiac gap junction protein connexin43 (Cx43). Accordingly, the presence of positive charges at positions 95, 126, and/or 142 of Cx43 (positions at which histidine residues reside) should lead to channel closure, whereas the absence of positive charges in those positions may prevent acidification-induced uncoupling. This hypothesis was based on the fact that the imidazole ring of the histidine residue is the only amino acid side chain whose apparent dissociation constant from protons (pKa) falls within the physiological range,7 and it assumes that pH gating would result, at least in part, from a direct effect of the intracellular protons on the conformation of the connexin protein. A role of histidine residues on pH-mediated regulation of protein reduced susceptibility to acidification-induced uncoupling, whereas lysine (a basic residue) was more susceptible to uncoupling than the wild-type protein. The susceptibility to acidification-induced uncoupling was enhanced for the H95Q-A94H mutant when compared with the wild-type mutant, but it was significantly reduced when histidine was placed at position 93 (H95Q-L93H). Our data indicate that a properly placed histidine residue is an important structural element for functional expression as well as for pH regulation of Cx43. The results suggest that the importance of H95 on pH gating may be associated with a possible protonation of this residue on acidification of the intracellular environment. The data are compatible with a recently proposed mechanism modeled after the "ball-and-chain" hypothesis explaining pH gating of Cx43. [Gj] ) from 6.6 in Cx43 channels to 6.1 in the mutant lacking the carboxyl tail. These results demonstrated that the carboxyl end is a necessary domain for normal pH gating of Cx43, whereas residues in the CL cannot by themselves modulate acidification-induced uncoupling. These observations, however, did not imply that the carboxyl end is the only region of the protein involved in pH gating. In fact, it is possible that the carboxyl terminal works in concert with other regions of the protein to bring about acidification-induced closure of the gap junctional channel.
As an initial step to characterize the role of CL histidine residues on pH gating, we have determined the pH sensitivity of Cx43 mutants in which histidine in position 95 (H95) was replaced by amino acids with either basic, acidic, polar uncharged, or hydrophobic side chains. We have also explored the ability of histidine residues to rescue functional expression and pH regulation from nonfunctional mutations of H95. H95 is a highly conserved residue14 located in the neighborhood of the second-membrane-spanning domain (M2) and the beginning of the CL structure.14-16 As such, H95 may be located near the pore, and it could participate in the regulation of channel gating. Our results show that H95 is an important structural element for functional expression and pH regulation of Cx43. The data are Ek et al H95 and pH Gating of Cx43 1059 discussed in terms of the ball-and-chain model for pH regulation of Cx43.
Materials and Methods Oocyte Preparation
Experiments were carried out in Xenopus laevis oocytes at stage V or VI of development. 17 The procedure for obtaining and preparing the oocytes has been detailed previously. 13 Briefly, oocytes were surgically removed by an abdominal incision and placed in L-15 culture medium (0.5x). Selected oocytes were mechanically stripped of their follicular layer and then exposed to type II collagenase (5 mg/mL) for 30 minutes. After a recovery period of at least 1 hour, oocytes were injected with 50 ng of a Xenopus connexin38 (Cx38)-antisense oligonucleotide of the sequence 5'-G CTT TAG TAA TTC CCA TCC TGC CAT GTT TC-3'18 and maintained in L-15 medium for a total of 4 to 6 days. Oocytes were injected with 30 to 70 ng of the proper recombinant mRNA 24 to 36 hours before recording. Five to 8 hours before recording, mRNA-injected oocytes were placed briefly in a hypertonic solution to mechanically remove the vitelline layer and then returned to an L-15 solution, where they were paired for electrophysiological determination of Gj.
Electrophysiological Recordings
Electrophysiological studies were performed at room temperature during continuous superfusion of a saline solution of the following composition (mmol/L): sodium acetate 103, Electrode resistances ranged between 10 and 30 MQ1 for voltage recording and between 0.5 and 2 Mfl for the currentpassing electrodes. The voltage-clamp protocol and the data acquisition and analysis hardware and software were the same as previously described. 13 
Intracellular Acidification
We have previously used pH-sensitive microelectrodes to characterize the pH sensitivity of connexin proteins.13 This procedure, though accurate, is difficult and time consuming, and its low success rate greatly limits the number of experiments and connexin mutants that can be tested within a reasonable period of time. As an alternative, we have established a set of specific parameters for characterizing the susceptibility of a specific connexin to acidification-induced uncoupling. In our experimental protocol, oocyte pairs were continuously superfused at a constant rate of 10 mL/min with a saline solution balanced at pH 7.4. Ten to 30 minutes after the last microelectrode was inserted, the voltage-clamp protocol was started. Control measurements were obtained for at least 5 minutes before switching the solution, without altering the perfusion rate, to a saline solution of the same composition as the control solution but balanced at a pH of 6.2. Our previous results have shown that this manipulation causes a drop in pH, to values in the range of 6.1 to 6.3 pH units (see Fig  1 of Liu et al13). "Uncoupling" was arbitrarily defined as the loss of 79% of the maximal Gj (Gj max) (see "Discussion"). Washout of the acidic solution was initiated if (1) Gj reached 20% of the Gj max value recorded or (2) Gj failed to reach 20% from maximum after 40 minutes. These procedures prevented the cells from developing irreversible uncoupling, probably caused by cell damage. Only those experiments showing a clear recovery of Gj on washout were included in the study. A similar protocol, although using CO2 at various percentage values to acidify the intracellular space, has been previously used by Werner et a120 to characterize the susceptibility to acidification-induced uncoupling of connexin32 (Cx32) and its mutants. other words, the analysis led us to reject the null hypothesis and conclude that the susceptibility to uncoupl'ng of H95D was indeed different from that of Cx43. Fig 7B shows the Gj min/Gj max values for the double mutants. The statistical analysis confirmed that susceptibility to uncoupling was enhanced by placing a histidine at position 94 (P<.01); however, if the histidine was placed at position 93, susceptibility to uncoupling was significantly reduced (P<.01) from control. Overall, the data show that pH gating of Cx43 can be significantly affected by changing, or displacing, H95. Of all mutations tested, only H95K and H95Q-A94H showed a significant enhancement of the susceptibility to uncoupling when compared with that of the wild-type protein.
Discussion
We have characterized the role of H95 on the pH gating of Cx43 channels expressed in Xenopus laevis oocytes. Our results show that replacement of H95 for lysine, a basic amino acid with a very high pKa value,7 enhances the development of acidification-induced uncoupling, whereas an acidic residue (aspartate) in that position impairs the ability of Cx43 to reduce its con- Previous studies from our laboratory have demonstrated that deletion of the carboxyl tail causes a loss in the pH sensitivity of Cx43.13 Thus, taken together, our data show that there are at least two regions of Cx43 that are involved in pH gating: the carboxyl tail and the region around the M2-CL interface. The results further indicate that both regions are necessary for channel closure, since acidification-induced uncoupling can be prevented by mutations of one region despite the presence of the other. The latter suggests that both regions act in concert to bring about the closure of Cx43 gap junctional channels after acidification of the intracellular environment.
As originally proposed by Liu et al,13 one of several possible models for pH gating of Cx43 is that the carboxyl end works as a "movable particle" in a manner similar to that of the ball-and-chain mechanism originally proposed for voltage gating of sodium channels25 and later applied to the mechanism of inactivation of Shaker potassium channels.26 Accordingly, acidification would lead (directly or indirectly) to a displacement of the flexible carboxyl end toward the pore, where it would interact with a "receptor." The particle-receptor complex would prevent the passage of ions through the channel, effectively uncoupling the cells.
Although the importance of the carboxyl tail has been well documented, the existence of a receptor domain has not been demonstrated. In the present study, we hypothesize that H95 is part of such a receptor. Moreover, we speculate that the affinity of such a receptor for the particle may be regulated by the charge of residue 95, such that protonation of H95 (or substitution of H95 with lysine) could increase the affinity of the receptor for the particle during pH gating of the intact connexin. Residue H95 may be only one of several amino acids forming a proper receptor for the carboxyl end. Further experiments will be necessary to test this hypothesis and to determine the involvement of other CL residues in the dynamics of pH gating of Cx43.
